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The advent of digital mammography has catalyzed the development of a variety of detector technologies. Findings in studies show certain promising aspects of digital mammography and its potential effect on the early diagnosis and management of breast cancer (1) (2) (3) . Although screen-film (SF) systems offer excellent spatial resolution and images of diagnostic quality, they are limited in their dynamic range and contrast characteristics. Recent developments in large-area flat-panel detector arrays have further promoted the case for digital mammography. The advantages of electronic detection are well known and include high detection efficiency, high dynamic range, capability for contrast enhancement (4) , and postprocessing capabilities such as computer-aided diagnosis (5, 6) .
Findings in comprehensive investigations of the physical characteristics of an amorphous silicon-based flat-panel detector have demonstrated favorable spatial resolution and detective quantum efficiency characteristics (7, 8) but have not addressed the contrastdetail (CD) performance in a rigorous manner. CD performance is a widely used quality control tool to assess clinical imaging systems. Results of a CD study comparing an SF and flat-panel digital chest system demonstrated improved observer performance when images were acquired with the digital system (9) and similar results with a prototype flat-panel
Experimental Studies
digital detector (10) . In other observer experiments, the CD characteristics of a mammographic small-field charge-coupled device were reported to have a substantial advantage over SF mammography (11) .
To our knowledge, there is virtually no precedent of detailed scientific studies for evaluation of the CD characteristics of flat-panel-detector-based full-field digital mammography. Obenauer et al (12) performed an evaluation of a full-field digital mammography system with CD and receiver operating characteristic analysis. Findings in their study indicated that the digital system exhibited detection rates equivalent or higher than those for an SF system (12) . The purpose of this study was to compare the CD characteristics of SF and postprocessed digital images by using a phantom-based method.
MATERIALS AND METHODS

System Description
A clinical full-field digital mammography system (Senograph 2000D; GE Medical Systems, Milwaukee, Wis) was used to acquire the digital images in this study. The system comprises a columnar cesium iodide scintillator coupled to an amorphous silicon photodiode array with 1,900 ϫ 2,304 elements and a pixel pitch of 100 m, which provides a field of view of 19 ϫ 23 cm. Light created as a result of the interaction of x-ray photons in the cesium iodide scintillator travels down the columnar crystalline structure of the scintillator to the detector pixels and is then converted to an electric signal. Each detector element (pixel) in the array is an individually addressable light detector, and the electric signals from the pixels are individually read and digitized to 14 bits per pixel by means of specialpurpose low-noise electronics. The mammographic unit for the SF imaging was a clinical system (DMR; GE Medical Systems). Other than the digital detector, the x-ray-generating components of the two units are essentially equivalent.
CD Phantom
A commercially available CD phantom (CDMAM; Nuclear Associates, Carle Place, NY) was used in this study as the test object to compare the performance of the two systems. The phantom consists of a 0.5-mm-thick aluminum base, 15 ϫ 23 cm in area, containing circular gold disks that are logarithmically sized from 0.10 to 0.80 mm in diameter and from 0.05 to 1.6 m in thickness. The disks are centrally placed within a matrix of squares that form 16 rows and 16 columns. Within a row, the disk thickness is constant with logarithmically varying diameter. In addition, a disk that has the same thickness and diameter as those of the central disk corresponding to that square is randomly placed at one of the corners of each square (Fig 1) .
For the purpose of this study, 4.0 cm of additional acrylic was added to bring the total thickness of the phantom to 4.5 cm. The half-value layer of the x-ray beam past the 4.5-cm phantom was equal to 0.6 mm of aluminum at 27 kVp and at Figure 1 . Radiograph of the phantom acquired with the full-field digital mammography system illustrates the structured patterns in the phantom. The portion of the phantom that was used in this study was restricted to the area to the right of (below) the thick white line when the images were reviewed. This line does not exist physically in the phantom and is shown here to illustrate the region of interest.
Figure 2. Line graph shows the detection characteristics for one observer with the digital system and three disk diameters. The horizontal line represents a 50% threshold level. The projection of the vertical dotted lines on the x axis gives disk depths that correspond to different disk diameters. Detection characteristics were obtained for all disk diameters and were used to generate the CD characteristics. A similar procedure was adopted to obtain the CD characteristics generated by all the observers with both SF and digital systems at threshold levels of both 50% and 62.5%.
225 mAs with a molybdenum target-molybdenum filter combination, which matched the half-value layer with 5.0-cmthick polymerized methyl methacrylate without the aluminum base as measured in identical conditions. Furthermore, with automatic exposure settings, the 4.5-cm phantom resulted in the same kilovolt peak, milliampere second, and target-filter combinations as those with 5.0-cm-thick polymerized methyl methacrylate. This thickness is consistent with the mean compressed breast thickness of 5.1 cm computed for 4,510 cases in our mammography database. The thickness is also supported by recent data on mean and median compressed breast thicknesses on the order of 5.1 cm that have been reported by Kruger and Schueler (13) .
Image Acquisition
All SF images were acquired with an SF system (Min-R 2000; Eastman Kodak, Rochester, NY), and three images of the phantom were acquired at 27 kVp and 225 mAs with a molybdenum target-molybdenum filter combination. The exposure technique was obtained by allowing the system to automatically choose the kilovolt peak and milliampere second settings in the most commonly used "contrast-auto mode," which is designed to generate an exposure with optimal contrast. This mode of acquisition, with an emphasis on image quality rather than radiation dose, was used to obtain SF images with desirable exposure conditions. The recorded milliampere second value was consistent with what was expected for this equivalent thickness. An identical exposure technique was used to acquire three digital images of the phantom with the window and level settings adjusted collaboratively by two boardcertified experienced radiologists (C.J.D.) before they were printed with a dry film printer (DryView 8600; Eastman Kodak).
The average background optical densities of the SF images and printed digital hard copies were 1.63 and 2.28, respectively, which met the minimum requirement for optical density of 1.5. Contrast matching of the targets (disks) was not attempted between the SF and digital images because the objective was to operate each modality in its optimal configuration. A mere matching of the contrasts of the SF and digital images would have led to a gross underutilization of the image enhancement capabilities of the digital system. Furthermore, we used disk thickness as a measure of stimulus rather than as an absolute measure of contrast and thereby obviated contrast matching between the targets. Display adjustment with window and level functions was used to enhance the digital images before the hard copies were printed. This type of image enhancement is used routinely in a clinical setting when digitally acquired images are printed. Hard copy images were used in this investigation to circumvent the problems associated with the limitations of gray-scale cathode ray tube monitors, such as temporal instability and calibration issues, and to provide a common display medium for comparison with SF radiographs. Six images were used to compare the CD characteristics with the SF system versus those with the digital mammography system.
Experimental Design and Observer Study
Seven observers participated in this study; each observer independently reviewed all the images in a dark room in one session. A transillumination image viewer was used, and a photometer (Photo.Meter LX; Quantum Instruments, Garden City, NY) was used to measure the light output from the viewer. The mean output luminance was about 3,000 candela per square meter during all observation sessions, and background illuminance was 10 lux. The region around the image area was masked to prevent any stray light from affecting observer performance. An area that encompassed disk diameters ranging from 0.10 to 0.80 mm and thickness ranging from 0.05 to 1.6 m was marked on each image (Fig 1) , and the observers were asked to restrict their observations to this region. This region provided an adequate data range for comparison and also helped to maintain reasonable observation times, which ranged from 2 to 3 hours on average. The observers were not told about the objective of the study, and the images were presented to the observers in a random fashion to reduce systematic errors.
The phantom provided an opportunity to conduct a four-alternative forcedchoice experiment because four alternative choices were presented with each square as a result of the randomly located corner disk. The observers were asked to read one column at a time, starting with the disk with the largest diameter and proceeding toward the smallest perceivable disk in that column. Since this was a forced-choice study, they were asked to arrive at their "best estimate" for the location of the disk in each square in situations where the disks were not perceivable. A template was provided that represented the portion of the phantom image under observation, and the observers were asked to mark the location of the corner disk in each square on this template. The observers were asked to refrain from looking at previously marked sheets to circumvent learning effects. A magnifying glass was provided to the observers to aid them in their observations, as is done in standard mammographic image reading.
Computation of CD Characteristics from Experimental Data
For each disk diameter, the "percentage correct," or the fraction of correct detection data, was computed for every observer, as described by several authors (9, 10, 14, 15) . It is well known that data from experiments to measure the probability of correct response on the basis of human observers can be fit to a Gaussian integral model (14, 15) . We incorporated a similar approach and used a maximumlikelihood parameter estimation scheme to fit each observer's data to a Gaussian integral function for all the diameters (14, 15) . The logarithmic value of each disk thickness was used as the stimulus level (SL), which is defined as the following: 
where the parameter ␣ represents the stimulus intensity at which the slope of the function is maximum, ␤ represents the steepness of the function, and x is the input stimulus value. A Gaussian integral function of the following type,
0.5 e ͑ϪSL 2 / 2͒ dx, was used to fit the mean values of the percentage correct detection [P(x)] data by setting ␥, the probability of correct response due to chance alone, to 0.25. as this was a four-alternative forced-choice experiment.
The data values below 0.25 were ignored by the algorithm because the probability due to chance alone was 0.25 for this experiment. Suitable ranges were given to ␣ and ␤ to encompass observer data and iteratively fit them. A complete description of the fitting function and its operation has been described by Harvey (16, 17) . One hundred forty detection curves were obtained (10 diameters ϫ 2 modalities ϫ 7 observers) after all the observer data were analyzed. Threshold levels of 50% and 62.5% were chosen to obtain the CD data. A threshold level of 50% is commonly used in perception experiments, whereas a 62.5% threshold gives a level midway between chance (0.25 for a four-alternative forced-choice experiment) and 100% detection. For each observer, the CD characteristics for each modality (SF or digital) were generated by means of vertical projection of the data points on each detection curve at a given threshold (eg, 50%) onto the stimulus axis (Fig 2) . The individual CD curves were then averaged to obtain mean CD data for each modality.
Theoretic CD Characteristics
Statistical decision theory has been widely used to predict the dependence of threshold signal contrast on object size. Many authors have used nonprewhitening matched-filter models to understand the CD behavior of imaging modalities (10,14,18 -20) . We used a non-prewhitening matched-filter method to model the CD performance characteristics (Fig  3) of the SF and digital mammography systems investigated in this study as
A detailed description of the model is provided in the Appendix.
Statistical Analysis
The experimental CD data from the observers were pooled to compute mean disk thickness values. Distribution characteristics of perceived disk thickness were evaluated by means of the Kolmogorov-Smirnov one-sample test for normality and graphic plotting of histograms of residuals. The linearity of the association between the logarithm of both disk thickness and disk diameter was also assessed by means of comparisons among candidate transformation with maximal coefficients of determination. Transformation with natural logarithms resulted in the best conformity to normal distribution and linearity in the relationship. Analysis of covariance for mixed models was used with the natural logarithm of disk thickness as the dependent variable, the natural logarithm of disk diameter as the covariate, and the observer as a random factor. The statistical analysis was performed with software (SAS, version 8.0; SAS Institute, Cary, NC). A P value of less than .05 was considered to indicate a statistically significant difference.
RESULTS
The percentage correct detection characteristics for all seven observers with disk diameters of 0.80 and 0.40 mm are summarized in Figures 4 and 5 . A comparison of sample percentage correct detection data for one observer that corresponds to diameters of 0.80 and 0.40 mm with both digital and SF systems is shown in Figure  6 . Significant differences were observed between the experimental CD characteristics of the SF and digital mammography systems at the 50% (P Ͻ .001) and 62.5% (P Ͻ .001) threshold levels. For the SF system, perceived disk thickness data that corresponded to disk diameters of 0.10 and 0.13 mm could not be computed because the algorithm did not converge as a result of excessive variability in these data sets. Lower (better) threshold contrast characteristics were observed with the digital modality at both the 50% and 62.5% threshold levels, as shown in Figures 7 and 8 , respectively. Similar results were obtained with the model-predicted CD performance.
DISCUSSION
Use of the CD method to evaluate clinical imaging systems is widely accepted. The focus of this study was to develop and use a technique to reliably estimate the physical and imaging quality characteristics of clinical x-ray imaging systems, especially mammography, and not to determine detection in the presence of structured noise. Alternative forced-choice methods provide effective means of performing psychophysical measurements and have been used widely with synthetic images (10,14,15,20 -23) . Alternative forced-choice techniques are convenient to use in experiments such as these, in which the objective is to compare or rank modalities. Many observer experiments are performed with a receiver operating characteristic technique, which is economical when images are scare and cannot be easily reproduced. In experiments such as the present study, however, it has been reported that alternative fixed choice is preferred because the experiments can be carefully controlled and a wider range of signal-to-noise ratios can be investigated (21) .
Because signal location was randomized in the present study, we believe that it could have mitigated observer learning to a great extent compared with that with more simplistic CD experiments in which the location of the signal is fixed. Furthermore, the multitude of disks in the phantom makes it difficult to memorize locations. Forced-choice methods also provide an opportunity to evaluate the CD characteristics at multiple detection threshold levels, which is not possible with conventional CD experiments. We found that in general, the predictions of the theoretic model agreed well with the experimentally obtained CD data. The CD characteristics obtained with the SF system were higher than predicted, which could be due to the wider window settings of the SF images that decrease the displayed image noise and consequently increase the contribution of the internal noise of the observer (23) . Furthermore, we used one visual response function in this study and ignored the fact that different observers have slightly different responses. Measurement of individual visual response functions was beyond the scope of this study. However, we noticed that if the visual response function was varied so that it peaked at higher frequencies, then the agreement between the predicted and experimental CD data improved (14) . Detection characteristics in the presence of structured noise have been investigated (20, 24, 25) . Findings in other studies show that structured noise affects detection and thereby increases threshold contrast levels (15) . In fact, an increase in threshold contrast with increasing lesion diameter has been reported for mammography in the presence of structured noise (20, 24) . Structured noise could potentially interfere with subtle attenuation differences that degrade contrast sensitivity, but image contrast can be enhanced with digital images, which has been shown to increase detection in other studies (23) . This indicates promising potential for digital mammography because a variety of image enhancement operations can be performed easily. However, the effects of image enhancement techniques in terms of detection and threshold contrast for digital mammography in the presence of structured noise needs to be investigated further.
The superior CD characteristics of the digital system can be attributed to its high detective quantum efficiency and dynamic range (7) , which can be expected to have a direct effect on image quality and affect the contrast characteristics of the resulting images. The lower (better) threshold contrast characteristics exhibited with the digital mammography system might lead to acquisition of Line graph shows the mean CD characteristics obtained at the 50% threshold level for both SF and digital systems. On average, the digital system exhibits threshold contrast characteristics that are lower (better) than those for the SF system, which indicates higher fidelity for the digital images. The smooth lines indicate modelpredicted CD diagrams for the SF and digital systems. The error bars indicate SD; depth ϭ thickness. Figure 8 . Line graph shows mean CD characteristics obtained at the 62.5% threshold level for both SF and digital systems. On average, the digital system exhibits threshold contrast characteristics that are lower (better) than those for the SF system, which indicates higher fidelity for the digital images. The smooth lines indicate model-predicted CD diagrams for the SF and digital systems. The error bars indicate SD; depth ϭ thickness.
images with improved diagnostic quality with no increase in radiation dose. With further improvements, a reduction in radiation dose may be attainable.
Practical application: We describe a technique that could be used to estimate and compare the CD characteristics of clinical x-ray imaging systems from a physical standpoint. Study of CD characteristics of an imaging system by using phantoms provides a powerful objective method for gaining useful insight into the information capacity of an imaging system (26) . It is well known that this type of performance evaluation is not a substitute for clinical trials (27) , but it serves an important role in the quantitative understanding of imaging system performance. The CD method can be extremely useful as a precursor study to determine system performance or compare the performance among different systems before clinical trials (28 -31) . CD evaluation may reveal strengths or deficiencies in the system that may need to be remedied before the clinical studies begin. Moreover, studies such as these may be used as an effective quality assurance tool or as a means of comparing various imaging technologies.
APPENDIX
A block diagram of the model used in this investigation is shown in Figure 3 . For a signal-known-exactly problem, the threshold signal-to-noise ratio (SNR T ) can be described as where d is the disk diameter, J 1 is the firstorder Bessel function, and MTF(u,v) is the two-dimensional spatial frequency response of the imaging system obtained from the onedimensional response, assuming rotational symmetry, ͑ f ϭ ͱu 2 ϩ v 2 ), and HVS(u,v) is the frequency response of the human visual system modeled as HVS( f ) ϭ fe Ϫ␤f , with a peak value around four cycles per degree (20) calculated by assuming a viewing distance of 40 cm. DQE(u,v) is the detective quantum efficiency, A is the large area signal, and q is the incident x-ray fluence. Hence, the threshold contrast can be computed as the following:
The MTF and detective quantum efficiency of the digital system were obtained from a prior investigation (7), while the SF data (32) were obtained from the manufacturer. The model-predicted CD diagrams were scaled by a constant to match the experimental SF and digital CD data (10).
